Contrary to the long-held belief that DNA methylation of terminally differentiated cells is permanent and essentially immutable, post-mitotic neurons exhibit extensive DNA demethylation. The cellular function of active DNA demethylation in neurons, however, remains largely unknown. Tet family proteins oxidize 5-methylcytosine to initiate active DNA demethylation through the base-excision repair (BER) pathway. We found that synaptic activity bi-directionally regulates neuronal Tet3 expression. Functionally, knockdown of Tet or inhibition of BER in hippocampal neurons elevated excitatory glutamatergic synaptic transmission, whereas overexpressing Tet3 or Tet1 catalytic domain decreased it. Furthermore, dysregulation of Tet3 signaling prevented homeostatic synaptic plasticity. Mechanistically, Tet3 dictated neuronal surface GluR1 levels. RNA-seq analyses further revealed a pivotal role of Tet3 in regulating gene expression in response to global synaptic activity changes. Thus, Tet3 serves as a synaptic activity sensor to epigenetically regulate fundamental properties and meta-plasticity of neurons via active DNA demethylation. npg
a r t I C l e S Emerging evidence supports critical roles of epigenetic modifications, including both histone and DNA modifications, in neuronal plasticity, learning and memory, and in neurological and psychiatric disorders [1] [2] [3] [4] [5] . Cytosine methylation is the predominant covalent modification of eukaryotic genomic DNA and regulates transcription in a highly cell type-and genomic context-dependent manner 6, 7 . The notion that methylation of cytosine in the genomic DNA of terminally differentiated cells is largely irreversible has been overturned by demonstrations of the loss of cytosine methylation in non-proliferating cells, such as post-mitotic neurons [8] [9] [10] [11] [12] [13] [14] [15] [16] . In particular, genome-wide studies with the single-base resolution in neurons have revealed large-scale changes in DNA methylation status during development and in response to neuronal activity 14, 15, 17 , suggesting that dynamic DNA methylation could make a functional contribution to these biological processes 2, 4, 5 .
The functional role of neuronal DNA demethylation, however, is not well understood, as we have limited knowledge of its underlying molecular mechanisms. One breakthrough came from the identification of Ten-eleven translocation (Tet) family proteins (Tet1-3), which oxidize 5-methylcytosine (5mC) into 5-hydroxymethylcytosine (5hmC) to initiate the active DNA demethylation process 18, 19 . Subsequent studies have shown that Tet-initiated active DNA demethylation is mediated through the base-excision DNA repair pathway in neurons 13 and in various other cell types 20, 21 . The mammalian brain contains the highest 5hmC levels 22, 23 , which are dynamically regulated under physiological and pathological conditions 23, 24 . Advances in our understanding of the molecular machinery mediating active DNA demethylation provide essential tools and an entry point to start to address the causal role of this pathway in neurons. Recent studies have revealed critical roles of Tet family members in activity-regulated neuronal gene expression 13 , as well as memory formation and extinction [25] [26] [27] . Because Tet proteins are known to exhibit functions independent of DNA demethylation activity 28, 29 , it remains unclear whether DNA demethylation is directly required in these functions. In addition, cellular processes regulated by active DNA demethylation in neurons are completely unknown. Given that active DNA demethylation requires oxidation and subsequent excision repair of genomic DNA, the question remains as to whether and how a pathway that effectively culminates in an insult to the genome and potential disruption of genomic stability could be critical for recurrent cellular processes in post-mitotic neurons that exist for decades or a lifetime.
We investigated cellular functions of the Tet-mediated active DNA demethylation pathway in hippocampal neurons. We found that synaptic activity bi-directionally regulated neuronal Tet3 expression, which in turn affected excitatory glutamatergic synaptic transmission via modulation of surface GluR1 levels. Furthermore, dysregulation of a r t I C l e S Tet3-mediated DNA demethylation signaling prevented homeostatic synaptic plasticity. RNA-seq analyses also showed a pivotal role of Tet3 in regulating gene expression in response to global synapticactivity changes. These results reveal a functional role of active DNA demethylation signaling as a synaptic activity sensor that regulates fundamental properties of neurons.
RESULTS

Activity-dependent expression of Tet3 regulates synaptic transmission
To identify the potential role of Tet proteins in neuronal function, we first characterized the expression of Tet family members in hippocampal neurons under basal conditions and following changes of neuronal circuit activity. Quantitative PCR analysis revealed that mRNA levels of Tet3, but not Tet1 and Tet2, were substantially increased after global synaptic activity was elevated in the presence of bicuculline (20 µM) and decreased when global synaptic activity was reduced in the presence of tetrodotoxin (TTX; 1 µM; Fig. 1a and Supplementary Table 1a ). We confirmed Tet3 protein level changes at 4 h after different treatments ( Fig. 1b) . These results establish that neuronal Tet3 expression is bi-directionally regulated by changes in global synaptic activity.
Tet3 protein is localized in the nucleus of neurons ( Supplementary  Fig. 1a ). To examine the effect of Tet3 expression in neurons, we used AAV to coexpress EYFP and shRNAs specific to mouse Tet3 in cultured hippocampal neurons ( Supplementary Fig. 1b and Supplementary Table 1b ). shRNA-Tet3-1 and shRNA-Tet3-2 (ref. 19 ), but not a control shRNA (sh-control), effectively reduced endogenous Tet3 expression in neurons at both the mRNA and protein levels without any changes in Tet1 and Tet2 mRNA expression ( Fig. 1b and Supplementary Fig. 1c ). Dot-blot analyses showed no differences in global 5hmC levels in neurons with Tet3 knockdown (Tet3-KD; Supplementary Fig. 1d ), likely as a result of the presence of Tet1 and Tet2 in these neurons. Whole-cell patch-clamp recording of EYFP + neurons also revealed no substantial differences in firing properties (Supplementary Fig. 1e ). Immunocytochemistry analyses showed similar densities of synapsin I + synaptic boutons under different conditions ( Supplementary Fig. 1f ). Thus, Tet3 deficiency did not appear to generally affect global neuronal properties. Notably, electrophysiological recordings revealed that Tet3-KD neurons, using two independent shRNAs, exhibited substantially larger miniature glutamatergic excitatory postsynaptic current (mEPSC) amplitudes than neurons expressing sh-control ( Fig. 1c) . Conversely, neurons transfected with a construct coexpressing EYFP and Tet3 (Tet3 OE) exhibited significantly smaller mEPSC amplitudes than neurons expressing EYFP alone (P = 0.002; Fig. 1d ). Given that less than 5% of neurons were transfected in these experiments, the effect of Tet3 overexpression is likely to be cell autonomous. Together, our results indicate that neuronal Tet3 levels bi-directionally affect excitatory synaptic transmission.
Tet3 regulates synaptic transmission via DNA oxidation and repair
Given that hippocampal neurons express Tet1 and Tet2 at constant levels, we also examined the effect of Tet1 or Tet2 knockdown on synaptic transmission. We developed efficient shRNAs specific to Tet1 and Tet2, and AAV-mediated expression of the shRNAs reduced Tet1 or Tet2 levels in neurons, respectively ( Supplementary Fig. 1c) . Notably, neurons with decreased expression of either Tet1 or Tet2 also exhibited increased mEPSC amplitudes compared with those expressing sh-control, although the effect was modest in comparison npg a r t I C l e S with Tet3-KD ( Fig. 2a) . In addition, AAV-mediated overexpression of the catalytic domain of Tet1 (Tet1-CD), but not a dioxygenase-dead mutant 13 (Tet1-mCD), decreased mEPSC amplitudes ( Fig. 2b) , which was accompanied by increased total 5hmC levels ( Supplementary  Fig. 1d ). Thus, changes in DNA oxidation activity in neurons are sufficient to modulate basal levels of synaptic transmission. Tet proteins are known to exhibit oxidation-independent functions in embryonic stem cells 28, 29 and in neurons 25 . On the other hand, Tet-induced active, region-specific DNA demethylation is mediated by the BER pathway 13, 30, 31 . To further investigate the molecular mechanism by which Tet regulates synaptic transmission, we used two inhibitors of critical BER components, poly(ADP-ribose) polymerase inhibitor ABT-888 (ABT) and apurinic/apyrimidinic endonuclease inhibitor CRT0044876 (CRT), which have been shown to block DNA demethylation in mouse zygotes 32 and Tet1-CD-induced DNA demethylation in mammalian cells 13 . Treatment with ABT (50 µM) or CRT (50 µM) for 48 h led to increased mEPSC amplitudes ( Fig. 2c) , resembling the Tet KD effect. Furthermore, the reduced mEPSC amplitude from Tet1-CD overexpression was normalized to the same level as that of control neurons following CRT treatment, suggesting that BER functions downstream of DNA oxidation to regulate synaptic transmission ( Fig. 2d) . Together, these results suggest that Tet regulates basal levels of excitatory synaptic transmission in neurons through DNA oxidation and subsequent BER.
Tet3 is required for homeostatic synaptic plasticity Given that Tet3 expression was bi-directionally regulated by TTX and bicuculline treatments ( Fig. 1a) , which are well-known to induce homeostatic synaptic scaling 33 , we next focused on Tet3 and assessed whether it also regulates synaptic plasticity. Notably, both Figure 1c ,d, except that neurons were infected with AAV to coexpress EYFP and shRNA specific to Tet1 or Tet2 (a), Tet1-CD or its enzymatic dead mutant (Tet1-mCD) (b), or treated with vehicle, ABT (50 µM), or CRT (50 µM), for 48 h before analysis of wild-type neurons (c) or neurons expressing Tet1-CD (d).
Values represent mean ± s.e.m. (***P < 0.001, *P < 0.05, Kolmogorov-Smirnov test; a, P = 0.02, sh-control versus sh-Tet1 and P = 0.01, sh-control versus sh-Tet2; b, P = 0.01, EYFP versus Tet1-CD; c, P = 0.00005, vehicle versus ABT and P = 0.0005, vehicle versus CRT; d, P = 0.002, EYFP versus EYFP + CRT; P = 0.02, EYFP versus Tet1-CD; P = 0.00005, Tet1-CD versus Tet1-CD + CRT). Figure 2 , except that different groups of neurons were treated with TTX (1 µM) for 48 h before analyses. (e) Tet3 KD occluded RA-induced synaptic scaling-up. Neurons were infected with AAV to express different shRNAs and were treated with RA (1 µM) for 2 h before analysis. (***P < 0.001, **P < 0.01, *P < 0.05, # P > 0.1, Kolmogorov-Smirnov test; a, P = 0.0003, sh-control versus sh-control + TTX; P = 0.30, sh-Tet3-1 versus sh-Tet3-1 + TTX; P = 0.12, sh-Tet3-2 versus sh-Tet3-2 + TTX; P = 0.003, sh-control versus sh-Tet3-1; P = 0.000009, sh-control versus sh-Tet3-2; b, P = 0.007, vehicle versus vehicle + TTX; P = 0.13, ABT versus ABT + TTX; P = 0.26, CRT versus CRT + TTX; P = 0.003, vehicle versus ABT; P = 0.0005, vehicle versus CRT; c, P = 0.014 EYFP versus EYFP + TTX; P = 0.24, EYFP/Tet3 OE versus EYFP/Tet3 + TTX; P = 0.01 EYFP versus EYFP/Tet3 OE; d, P = 0.04, EYFP versus EYFP + TTX; P = 0.19, Tet1-CD versus Tet1-CD + TTX; P = 0.02, Tet1-mCD versus Tet1-mCD + TTX; P = 0.01, EYFP versus TET1-CD; e, P = 0.001, sh-control versus sh-control + RA; P = 0.37, sh-Tet3-1 versus sh-Tet3-1 + RA; P = 0.003, sh-control versus sh-Tet3-1). npg a r t I C l e S Tet3 KD and BER inhibition elevated mEPSC amplitudes linearly across the spectrum under basal conditions ( Supplementary Figs. 2a  and 3a) , which was comparable to the scaling-up effect induced by TTX treatment in normal neurons (Supplementary Fig. 2c) .
Thus, downregulation of Tet3 signaling appears to be sufficient to induce scaling-up. Furthermore, Tet3 KD and BER inhibition showed no additional scaling-up following TTX treatment (Fig. 3a,b and Supplementary Figs. 2b and 3b) , indicating occlusion of these two manipulations. On the other hand, overexpression of Tet3 or Tet1-CD, but not Tet1-mCD, completely prevented TTX-induced scaling-up (Fig. 3c,d and Supplementary Figs. 4b,c and 5b,c) , suggesting that downregulation of Tet signaling is required for scaling-up. Together, these results suggest that TTX treatment downregulates Tet3 signaling, which mediates homeostatic scalingup of excitatory synaptic transmission. Homeostatic synaptic scaling-up of excitatory synaptic transmission has also been shown to be induced by all-trans retinoic acid (RA) 34 . Although acute RA treatment (1 µM) increased mEPSC amplitude in neurons expressing sh-control, there was no further amplitude increase in Tet3-KD neurons ( Fig. 3e and Supplementary Fig. 2f,g) , indicating that they also occlude each other. These results suggest that Tet3 signaling is required for different types of homeostatic synaptic plasticity. Values represent mean ± s.e.m. (n = 3 cultures, ***P < 0.001, *P < 0.05, # P > 0.1, ANOVA). Scale bar represents 10 µm. (b) Expression of Tet1-CD, but not Tet1-mCD, decreased surface GluR1 levels and prevented further changes followed TTX or bicuculline treatment. Data are presented as in a, except that neurons were infected with AAV to express EYFP, Tet1-CD or Tet1-mCD. Values represent mean ± s.e.m. (n = 3 cultures, ***P < 0.001, # P > 0.1, ANOVA). Scale bar represents 10 µm. (c) Western blot analyses of surface GluR1 levels under different conditions. Data are presented as in a and b, except that surface biotinylated GluR1 proteins were examined by western blot and quantified. Full-length blots are presented in Supplementary Figure 11 . Values represent mean ± s.e.m. (n = 3 cultures, **P < 0.01, *P < 0.05, # P > 0.1, ANOVA). a, P = 0.000001, sh-control versus sh-control + TTX; P = 0.000001, sh-control versus sh-control + Bicu; P = 0.30, sh-Tet3-1 versus sh-Tet3-1 + TTX; P = 0.38, sh-Tet3-1 versus sh-Tet3-1 + Bicu; P = 0.20 sh-Tet3-2 versus sh-Tet3-2 + TTX; P = 0.42, sh-Tet3-2 versus sh-Tet3-2 +Bicu; P = 0.0000001, sh-control versus sh-Tet3-1; P = 0.00000001, sh-control versus sh-Tet3-2; b, P = 0.00000001, EYFP versus EYFP + TTX; P = 0.0000001, EYFP versus EYFP + Bicu; P = 0.25, Tet1-CD versus Tet1-CD + TTX; P = 0.43, Tet1-CD versus Tet1-CD + Bicu; P = 0.00000001, Tet1-mCD versus Tet1-mCD + TTX; P = 0.00000001, Tet1-mCD versus Tet1-mCD + Bicu; c, P = 0.03, sh-control versus sh-control + TTX; P = 0.01, sh-control versus sh-control + Bicu; P = 0.38, sh-Tet3-2 versus sh-Tet3-2 + TTX; P = 0.09, sh-Tet3-2 versus sh-Tet3-2 +Bicu; P = 0.27, Tet1-CD versus Tet1-CD + TTX; P = 0.12, Tet1-CD versus Tet1-CD + Bicu; P = 0.004, sh-control versus sh-Tet3-2; P = 0.02, sh-control versus Tet1-CD. npg a r t I C l e S Does bicuculline-induced Tet3 upregulation also regulate synaptic scaling-down? Indeed, neurons overexpressing Tet3 and Tet1-CD, but not Tet1-mCD, exhibited reduced mEPSC amplitudes linearly across the spectrum (Supplementary Figs. 4a and 5a) , resembling bicuculline-induced scaling-down in normal neurons ( Supplementary  Fig. 4e ). Upregulating Tet3 signaling or oxidation activity via Tet1-CD also occluded bicuculline-induced scaling-down (Fig. 4a,b and Supplementary Figs. 4d,e and 5d,e ). In addition, downregulating Tet3 signaling via Tet3 KD or BER inhibition prevented bicuculline-induced scaling-down (Fig. 4c,d and Supplementary Figs. 2d,e and 3d,e) . These results suggest that global synaptic activity modulates Tet3 expression and DNA demethylation activity, which in turn mediate homeostatic synaptic scaling-up or scaling-down.
Tet3 regulates synaptic transmission and plasticity by modulating surface GluR1 levels
A key cellular mechanism regulating both basal glutamatergic synaptic transmission and homeostatic scaling is the control of surface levels of glutamate receptors 35 . Using quantitative immunocytochemistry analysis, we found that Tet3-KD neurons exhibited elevated surface GluR1 levels; conversely, neurons overexpressing Tet1-CD, but not Tet1-mCD, displayed reduced levels of surface GluR1 (Fig. 5a,b) . Quantitative western blot analyses also revealed bi-directional changes of surface GluR1 levels (Fig. 5c) , but not total GluR1 levels (Supplementary Fig. 6a ). There was no substantial change in either total or surface GluR2 levels following Tet3 KD or Tet1-CD expression ( Supplementary Fig. 7a ). Consistent with a change of functional GluR1 levels at synapses, treatment of NASPM (1-naphthyl acetyl spermine trihydrochloride), which blocks all GluR2-lacking AMPA receptors 36 , led to a larger reduction of mEPSC amplitudes in Tet3-KD neurons than in neurons expressing sh-control (Supplementary Fig. 7b ). Fig. 7c ). Together, these results suggest that Tet3 regulates basal excitatory synaptic transmission via regulating surface GluR1 levels.
Analysis of mESPC decay time under different conditions was also consistent with changes in GluR1 levels at synapses (Supplementary
This same cellular mechanism also explains the role of Tet3 in homeostatic synaptic scaling. Tet3 KD was sufficient to elevate surface GluR1 levels and prevent further changes following TTX or bicuculline treatment (Fig. 5a,c) . Conversely, overexpression of Tet1-CD was sufficient to reduce surface GluR1 levels and prevent further changes following bicuculline or TTX treatment (Fig. 5b,c) . Thus, changes in Tet3 signaling are both sufficient and necessary for the TTX-induced increase and bicuculline-induced decrease in surface GluR1 expression and resultant synaptic scaling. The immediate early gene Arc is known to regulate GluR insertion and synaptic scaling [37] [38] [39] . Notably, Tet3 KD led to decreased Arc protein levels, which mimics TTXinduced downregulation of Arc, and prevented bicuculline-induced Arc upregulation (Supplementary Fig. 6b) . Thus, regulation of Arc levels appears to explain changes in surface GluR1 levels following Tet3 KD. Together, our results suggest that Tet3 and active DNA demethylation signaling respond to changes in global synaptic activity to re-establish a responsive cellular state.
Tet3 is essential for activity-induced gene expression changes and DNA demethylation
To further support this model and directly examine the role of Tet3 in synaptic activity-dependent gene expression, we performed RNA-seq analyses of sh-control and Tet3-KD neurons at 4 h after saline, TTX or bicuculline treatment ( Supplementary Fig. 8 and Supplementary  Table 2 ). RNA-seq confirmed 70% knockdown efficacy for Tet3 mRNA levels in neurons expressing sh-Tet3-2 (Supplementary Fig. 8a) . At the basal level, Tet3-KD neurons exhibited differential expression of a large number of genes compared with neurons expressing sh-control, with more genes downregulated than upregulated ( Fig. 6a and  Supplementary Table 2b-g) . Notably, many genes related to synapses and synaptic transmission were differentially expressed ( Supplementary  Fig. 9 ). Multidimensional scaling, an unbiased method to quantify the degree of similarity between large data sets, showed clear segregation between sh-control and sh-Tet3-2 groups (Supplementary Fig. 8c ). As expected, TTX or bicuculline treatments induced substantial transcriptomic changes in neurons expressing sh-control, as shown by clear segregation among different groups (Supplementary Fig. 8c) . In contrast, Tet3-KD neurons showed reduced segregation between saline and bicuculline treatment and no segregation between saline and TTX treatment (Supplementary Fig. 8c) . Notably, of the TTX-responsive genes in control neurons (false discovery rate (FDR) < 0.05), 99% of upregulated and 85% of downregulated genes lost responsiveness in Tet3-KD neurons ( Fig. 6b) . Of the bicuculline-responsive genes in control neurons (FDR < 0.05), 77% of upregulated and 94% of downregulated genes lost responsiveness in Tet3-KD neurons, whereas very few genes were upregulated (8) or downregulated (4) specifically in Tet3-KD neurons (Fig. 6b) . Further analysis of up-and downregulated genes in two separate populations showed that expression changes induced by TTX or bicuculline treatment were substantially attenuated in Tet3-KD neurons compared with in neurons expressing sh-control ( Fig. 6c,d) .
Notably, bicuculline-induced expression of immediate early genes, including Arc, c-Fos, Npas4 and Egr4, was largely unaffected in Tet3-KD neurons when examined at 4 h after treatment ( Supplementary  Fig. 10a ), suggesting no general impairment of Tet3-KD neurons in response to neuronal activation. Taken together, these results identify an essential role of Tet3 in regulating gene expression in response to changes in global synaptic activity.
To ascertain that Tet3 can directly regulate gene expression via active DNA demethylation, we focused on Bdnf, the gene encoding brain-derived neurotrophic factor, which has been shown to exhibit active DNA demethylation in these neurons 8 and has been implicated in regulating both excitatory synaptic transmission 40 and synaptic scaling 41 . Bisulfite-sequencing analysis showed that Tet3-KD neurons exhibited increased CpG methylation at the Bdnf promoter IV region, whereas overexpressing Tet1-CD had the opposite effect (Fig. 7a,b and Supplementary Table 1c ). Consistent with a lack of global changes in DNA methylation levels (Supplementary Fig. 1d ), Tet3 KD did not affect CpG methylation at the Fgf1G promoter region (Fig. 7a,b) or the Arc and Npas4 promoters (Supplementary Fig. 10b ). Chromatin immunoprecipitation (ChIP)-PCR analysis further showed an association of Tet3 with the Bdnf IV region, but not the Fgf1G region, in neurons ( Fig. 7c and Supplementary Table 1d ). CpG methylation at the Bdnf IV region was substantially increased after TTX induced decreases in global synaptic activity and Tet3 expression ( Fig. 7a,b) . Conversely, bicuculline treatment increased Tet3 expression and decreased methylation at the same region (Fig. 7a,b) . Accompanying methylation changes, neurons exhibited changes in Bdnf expression from the Bdnf IV promoter region, with increased gene expression resulting from decreased methylation (Fig. 7d) . No changes in Fgf1G expression were detected under any conditions (Fig. 7d) . Notably, neurons with Tet3 KD or Tet1-CD overexpression exhibited no further changes in either methylation levels or mRNA expression of Bdnf IV following TTX or bicuculline treatment (Fig. 7a,b,d) . Taken together, these results support a critical role of Tet3 in regulating region-specific DNA demethylation and gene expression in response to global synaptic activity changes. Control Control sh-Tet3-2 sh-Tet3-2 Tet1-CD npg a r t I C l e S of neurons, such as synaptic transmission and surface GluR1 levels, are dynamically regulated via DNA oxidation and subsequent BER. Active DNA demethylation therefore has a much broader and fundamental role in neurons than previously recognized. Although studies of neuronal DNA damage and repair have traditionally focused on their roles in stress, aging, degenerative neurological disorders and other pathophysiological conditions 42 , our results suggest a previously underappreciated role for DNA repair in normal neuronal physiology and plasticity.
DISCUSSION
Tet3 has been shown to regulate zygotic paternal DNA reprogramming [43] [44] [45] and embryonic neural development 46, 47 . Recent studies have also shown that Tet1 regulates the expression of some neuronal genes and mouse behavior related to learning and memory 25, 26, 48 . Using genetic and pharmacological approaches, we identified physiological functions of Tet3 in neurons and pinpointed the underlying mechanism involving DNA oxidation and active DNA demethylation signaling. Our results suggest a pivotal role for Tet3 in regulating gene expression in response to global synaptic activity changes. Although it is unlikely that all of these genes are directly regulated by Tet3, we identified one bona fide target, Bdnf, which is known to regulate synaptic transmission and scaling 41 . Notably, activity-induced expression of the immediate early genes Arc, c-Fos, Npas4 and Egr4 required the function of Tet1 (refs. 25,26), but not Tet3 ( Supplementary  Fig. 10a ). In addition, Tet1-deficient neurons exhibited hypermethylation at Arc and Npas4 promoters 26 , which was not the case for Tet3-KD neurons (Supplementary Fig. 10b ). On the other hand, all of the Tet proteins regulate basal levels of synaptic transmission. Together, these results suggest that Tet family members could have shared, but distinct, roles in neurons.
Homeostatic plasticity allows neurons to sense how active they are and to adjust their properties to maintain stable firing 33 . We found that changes in Tet3 expression and DNA demethylation activity mediated both synaptic scaling-up and scaling-down via a classic pathway through Arc and GluR1 surface level regulation. Our results are consistent with previous findings that gene transcription is required for TTX-induced synaptic scaling-up 49 and further describe an unexpected underlying mechanism via DNA oxidation and repair. In a classic view, the major role of epigenetic DNA methylation is to maintain cell identity. Our results extend this view and suggest that, in non-dividing cells, the active DNA demethylation pathway dynamically responds to and processes external stimuli to establish a new cellular state. We provide one example in the nervous system for a critical role of active DNA demethylation in meta-plasticity, a phenomenon in which the history of a neuron's activity determines its current state and its ability to undergo synaptic plasticity 50 .
Beyond advancing our understanding of the functions of Tet3 in regulating neuronal properties and gene expression, our results provide, to the best of our knowledge, the first genetic evidence for a causal role of DNA oxidation and active demethylation in regulating synaptic transmission, which is fundamental to all basic and higher order information processing essential for brain functions. Thus, our findings have broad implications for understanding epigenetic regulation of the nervous system under physiological and pathological conditions.
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